• C) geothermal areas like the Krafla caldera, NE-Iceland, often show distinct magnetic lows in aeromagnetic anomaly maps suggesting a destruction of magnetic minerals by hydrothermal activity. The main alteration processes in such an environment are low-temperature oxidation (<350
variation of rock magnetic properties. Primary variations of remanence and susceptibility can be caused by different geochemical composition of the melt, which controls abundance (e.g. Vogt & Johnson 1973; Gee & Kent 1997) and chemical composition of the magnetic minerals (e.g. Marshall & Cox 1972) . Additionally, cooling rate affects grain size and hence, the magnetic domain pattern (e.g. Kontny et al. 2003) . Other factors that influence remanence are the geomagnetic field intensity fluctuations (Gee et al. 1996; Juárez et al. 1998; Wang et al. 2005 ) and the viscous decay (Banerjee 1971) .
The hydrothermal alteration processes depends on the fluid-rock interactions and redox conditions occurring at temperatures below 350
• C. In the Krafla area hydrothermal circulation started with the percolation of cold oxygenated meteoric water through NNE oriented rift-related fractures (Bödvarsson et al. 1984) . Afterwards fluids are heated and enriched in volatiles from subsequent following fissure eruptions (Gudmundsson & Arnórsson 2002 and references therein) . This evolutionary sequence might act repeatedly throughout the activity of the volcanic system. The chemical reactions between rocks and hydrothermal fluids are part of the fluid-rock interactions and can be monitored by the secondary mineral assemblages and water chemistry. Primary minerals of basalt and basaltic glass are unstable in contact with hydrothermal fluids. Glass is most easily altered, followed by olivine, pyroxene and plagioclase. According to dissolution experiments of Stefánsson et al. (2001) the following sequence of weathering preference is suggested in the Krafla area: Mg-olivine > Fe-olivine, Ti-rich magnetite > Ca-plagioclase, Mg-orthopyroxene > Fe-orthopyroxene, clinopyroxene > Na-plagioclase, F-apatite > Ti-rich ilmenite >> Ti-poor magnetite, Ti-poor haematite. These findings indicate that the stability of titanomagnetite is very sensitive to composition (higher content in Ti implies less stability under the same chemicalphysical conditions). Apart from composition, grain size is an important factor that also influences the kinetic reactions (Pyzick & Sommer 1981; Poulton et al. 2004) . The smaller the grains the faster the grains react. High-temperature oxidation and maghemitization diminish grain size due to the formation of ilmenite lamellae and the production of shrinkage cracks, respectively.
Oxidation of titanomagnetite at low temperature (<250-300 • C) producing titanomaghemite is a widespread process, which takes place preferably in water-dominated environments and is favoured under low pH conditions (Worm & Banerjee 1984) . This process occurs when Fe 2 + diffuses out of the structure of titanomagnetite/magnetite creating vacancies in the crystal lattice and producing a non-stoichiometric (Fe-deficient) metastable spinel polymorph of haematite (Prévot et al. 1968) .
The effect of maghemitization on the magnetic properties of basalts has been broadly studied, but still it is not unequivocally understood and sometimes inconsistent. (1) Irving (1970) , Marshall & Cox (1972) and Bleil & Petersen (1983) suggested the decrease of natural remanent magnetization (NRM) intensity. (2) Maghemitization seems to produce both, an increase in coercivity and a decrease in saturation magnetization in natural samples (e.g. Özdemir & O'Reilly 1982; Cui et al. 1994; Wang & Van der Voo 2004 ) but in synthetic samples also a decrease in coercivity is reported (Readman & O'Reilly 1972; Brown & O'Reilly 1999) . (3) With respect to susceptibility, Cui et al. (1994) , Wang et al. (2006) and Krása & Herrero-Bervera (2005) suggested a decrease of susceptibility with maghemitization, while others found no change for multidomain grains (Smith 1987) , or even an increase (Özdemir & O'Reilly 1982; Brown & O'Reilly 1999) . In addition, experimental work suggests that magnetic interactions increase bulk magnetic susceptibility (Gaillot et al. 2006) , an effect that can take place in maghemitized samples due to the new formation of cracks and grain boundaries during the maghemitization process. (4) Curie temperatures increase (Ade-Hall et al. 1971) and cell parameter decrease with increasing oxidation parameter (z), which is the fraction of Fe 2 + in the stoichiometric composition transformed to Fe 3 + . Some of these contradictions probably are related to different degrees of oxidation or inversion of titanomaghemite (e.g. Özdemir & O'Reilly 1982; Bleil & Petersen 1983; Özdemir 1987) .
The aim of our study is to understand the processes that cause a significant low in the aeromagnetic map, the NRM decrease and the large magnetic susceptibility variation related to the hydrothermally altered basalts from the recently active geothermal system at Krafla, NE Iceland (Figs 1 and 2 ). We present a rock magnetic and microscopic characterization comprising the temperature dependence of magnetic susceptibility, thermal demagnetization of the natural magnetic remanence and field dependence of magnetic susceptibility measurements. Our data suggest that maghemitization is linked to fluid-rock interactions as the main mechanism for remanence loss and to the amplification of the range of the magnetic susceptibility values.
L O C AT I O N O F K H 1 A N D K H 3 D R I L L C O R E S
The Krafla active geothermal system extends along a N-S oriented fissure swarm of 100 km length and 5-8 km width in the NE part of Iceland (Fig. 1a) . The Krafla caldera, around 8-10 km in diameter, collapsed about 110 ka ago during the last interglacial period with the explosive eruption of rhyolitic and dacitic lavas (Saemundsson & Pringle 2003) . The central volcano of 25 km in diameter evolves in less than 250 ka (Saemundsson 1978; Saemundsson & Pringle 2003) . The age of the deepest part of the cores at Krafla (2 km) is considered to be less than 500 ka (Gudmundsson 1993) . Postglacial volcanism in the Krafla area has been divided into two periods: the first one ended about 8 ka ago and the second, which is still active, started about 3 ka ago (Saemundsson 1991) . Krafla was last active during 1975-1984 eruption episode (Krafla fires). The KH1 (200 m depth) and KH3 (400 m depth) drill holes are situated at the eastern rim of the caldera (Fig. 1b) . The magnetic high in the area (53500 nT), which was measured during an aeromagnetic survey, corresponds to the Mt. Krafla, and the magnetic low (51000 nT) coincides with the caldera bottom where the Krafla geothermal field and fissure eruptions are situated (Leo Kristjánsson, personal communication, 2006) . The same magnetic anomaly pattern occurs in Reykjanes Peninsula (SW Iceland), where the magnetic anomaly lows also coincide with the active geothermal fields (Gudmundsson et al. 1971; Dietze et al. 2011) .
S A M P L E M AT E R I A L A N D M E T H O D S
The magnetic susceptibility of the full core (diameter 4.4 cm) was measured with a hand-held kappameter (KT-5, Geofyzica) at different depth intervals where material was available (Fig. 3) . All together we made 1815 single measurements from about 210 m of KH1 and KH3 cores. The average distance between single measurements was 12 cm. The measurement sensitivity of the hand-held kappameter is 1 × 10 −5 SI. Standard samples (2.5 cm in diameter and 2.1 cm in height) were selected with respect to the values of bulk susceptibility and lithology (some of these sample positions are shown in Fig. 3 ). The volume susceptibility (κ) was measured (Gudmundsson et al. 1971) , and the two drillholes KH1 and KH3. The dark grey areas with lower magnetic field correlate well with the active geothermal fields of Krafla and Namafjall. The numbers give the magnetic field in nT. 
Notes:
Mass susceptibility ± SD is the mean susceptibility value normalized by mass and the standard deviation value. N, number of analyses; NRM, natural remanent magnetization and its standard deviation; Q-ratio, Koenigsberger ratio and its standard deviation.
again in the laboratory on these standard specimens using the KLF-3 susceptometer (Geofyzika now AGICO Inc.) at 30 and 300 A m -1 and 2000 Hz, and after weighting the samples, the mass normalized susceptibility was calculated (Tables 1 and A1 ). The hand-held kappameter measurements were compared with laboratory measurements on standard specimens. There is a linear relationship between both measurements (hand-held and KLF-3 at 30 A m -1 ) with a high correlation coefficient (R 2 = 0.888, n = 24 for KH1; and R 2 = 0.905, n = 82 for KH3), although a general shift towards lower values for the hand-held kappameter measurements can be observed (y = 0.435x + 1.532 for KH1 and y = 0.398x + 1.169 for KH3), which can be explained by the small core diameter of 4.4 cm compared to the diameter of the measurement coil of 6 cm. In spite of this deviation, hand-held kappameter measurements are useful to reveal the pattern of magnetic susceptibility versus lithology and depth, and are used in our study to select the sampling positions of standard specimens (Fig. 3) . 60 samples were collected for rock magnetic laboratory measurements (see data in Tables 1  and A1 ) from the different lithological units. The standard samples were drilled from the lithological units of the drill cores from positions with low-, intermediate-and high-magnetic susceptibilities. From rock chips of the same sample we measured temperature dependence of magnetic susceptibility and subdivided the samples according to their behaviour into magnetically different groups. For representative samples of these magnetically different groups mineralogical investigations were carried out to identify the mineral composition and alteration assemblage, which accompanies the Fe-Ti oxides. The mineral assemblage of the bulk rock was determined using a Scintag θ -θ powder X-ray diffractometer with an accelerating voltage of 40 kV, a filament current of 35 mA and a CuKα radiation source at the University of Michigan, USA. A total of 11 samples from different depths were selected for X-ray diffraction (XRD) analyses. The preparation of the rock samples followed the analytical methods described by Moore & Reynolds (1997) . Randomly oriented powder samples, as well as oriented textured samples (air-dried and ethylene glycolated) were prepared to identify the individual bulk mineralogy and the clay mineralogy. Treatment with ethylene glycol causes interlayer expansion of smectite swelling layers (shifting reflections towards higher d-values) and allows recognition of discrete smectite and mixed layered C-S (chlorite and smectite type layers) phases. Measurements of peak heights, peak areas and peak widths of tracings were made using the MacDiff software (http://www.geol-pal.unifrankfurt.de/Staff/Homepages/Petschick/Classicsoftware.html).
Oxide textures were characterized using reflected light microscopy with a cover of ferrofluid, and scanning electron microscopy (SEM) in backscatter mode (LEO 1530, from LEO company) . 12 thin sections from KH1 and 13 thin sections from KH3 were studied. Samples were selected according to the magnetic groups to examine the texture and mineralogical content of samples with different lithology and susceptibility values. The application of ferrofluid (Bitter 1931 ; for an application in basalts see also Kletetschka & Kontny 2005 ) allows a separation of ferrimagnetic minerals, because the ferrofluid sticks only to magnetic phases with a large magnetic gradient produced by grains with large demagnetization fields such as titanomagnetite/magnetite, Magnetic mineralogy in maghemitized basalts 159 titanomaghemite/maghemite and ferrimagnetic pyrrhotite. The coating with ferrofluid enables the discrimination of, for example, ilmenite and magnetite. For the transmission electron microscopy (TEM) a Zeiss Omega 922 instrument operating at an accelerating voltage of 200 KeV was used in the Laboratory for Electron microscopy at the Karlsruher Institute of Technology (KIT). We selected two samples from magnetic group II of KH3 and KH1 core (see later) and one sample from surface basalt of the Reykjanes Peninsula for comparison. Qualitative mineral composition data were obtained by EDX (Energy Dispersive X-ray spectroscopy) at acceleration voltage of 15 kV with the NORAN System Six from Thermo Electron Corporation. Electron microprobe analyses using a CAMECA SX50 were done for three selected samples at the KIT.
For the temperature dependence (-194 to 15
• C and from room temperature to 700
• C) of magnetic susceptibility (κ-T) a KLY-4S kappabridge (working at 300 A m -1 and 875 Hz) combined with a CS-L/CS-3 apparatus (AGICO Inc.) was used. Heating/cooling rates range between 3-4 and 11-14
• min -1 for the low-temperature and high-temperature run, respectively. The high temperature runs were done in an argon atmosphere to avoid mineral reactions with oxygen during heating (flow rate of 110 ml min -1 ). Some samples were also measured in an air-flow of the same rate. The raw data were corrected for the empty cryostat/furnace and normalized. In this work the transition at low temperatures and the Néel or Curie temperature (T N or T C ) were determined graphically using the peak temperature as described in Lattard et al. (2006) and/or the inverse susceptibility method (Petrovsky & Kapicka 2006) when transitions between ferromagnetic s.l. and paramagnetic behaviour were gradual. A total of 12 samples from KH1 and 22 samples from KH3 were analysed. The samples were selected depending on the magnetic susceptibility value (high and low) for the different lithological units in the cores.
Measurements of remanent magnetization of 53 samples were done with a JR5A spinner magnetometer (AGICO Inc.). For stability tests, alternating field (AF) demagnetization was performed in 21 samples in peak fields up to 160 mT with a MI AFD 1.1 from Magnon International. Stepwise thermal demagnetization up to 700
• C was done in 20 samples with the Thermal Demagnetizer MMTD1 (Magnetic Measurements).
RO C K M A G N E T I C P RO P E RT I E S
Magnetic susceptibility measurements along the drill core for different depth intervals of KH1 (altered tholeiitic basalt, tuff and hyaloclastite) and KH3 (lava flows of altered tholeiitic basalt, breccias, tuffs and pillow basalts) are shown in Fig. 3 . The lowest values of susceptibility are in the higher porous materials such as hyaloclastites, tuffs and in the vesicular basalts (<2 × 10 −7 m 3 kg -1 in KH1 and <3 × 10 −7 m 3 kg -1 in KH3), whereas the fine-grained andesite, basalts and basalt intrusions show the highest susceptibility values (4.9 × 10 −5 m 3 kg -1 in KH1 and 3.3 × 10 −5 m 3 kg -1 in KH3). Tables 1 and A1 show the magnetic parameters measured and calculated from the standard cylindrical samples. The discrimination diagram in Fig. 2 (a) displays a wide range of susceptibility values (1.3 × 10 −7 to 4.9 × 10 −5 m 3 kg -1 ), whereas NRM values are rarely higher than 5 A m -1 (only six out of 106 samples have NRM > 20 A m -1 ). In fresh surface basalts younger than 11 ka, higher NRM values (up to 46 A m -1 with a mean value of 20 A m -1 for N = 78) and lower susceptibility values (below 3.34 × 10 −5 m 3 kg -1 with a mean value of 9.05 × 10 −6 m 3 kg -1 ) compared to the drill core data were observed. The trend from high NRM and intermediate susceptibility values in fresh basalt towards low NRM and a strong variation in susceptibility values in altered basalts seems to be related to the hydrothermal alteration of the samples.
The median demagnetizing field (MDF) determined from AF demagnetization of NRM has an average of 19 mT for KH1 and 23 mT for KH3 indicating moderate coercivity values (Table A1 ). The Königsberger ratio (Q ratio), which is the ratio between the remanent and the induced magnetization, is very low in both drill cores (average 1.6 in KH1 and 3.4 in KH3) compared to the young surface basalts (average of Q ratio: 27) indicating only a weak dominance of remanent over induced magnetization. The field dependence of magnetic susceptibility (f Hd ), which can be used as a first indicator of Ti content in titanomagnetite (see e.g. de Wall 2000) , has low values in both KH1 and KH3 drill cores except for few samples (Fig. 2b and Table A1 ) indicating at first sight, a low Ti-concentration in titanomagnetite. Even if we measure magnetic susceptibility at 21 different applied fields, no significant change was found for most of our samples (Fig. 2b) . This behaviour normally indicates a very low Ti concentration in the titanomagnetite (e.g. Jackson et al. 1998) . The field dependence of magnetic susceptibility in titanomagnetite, however, can be masked by different compositions occurring in the same sample, small grain sizes or textural effects (e.g. Vahle & Kontny 2005 ).
M I N E R A L O G I C A L R E S U LT S

XRD analysis
Oriented textured X-ray diffraction analysis indicates pyroxene (augite and/or diopside), chlorite, chlorite-smectite (C-S, corrensite and/or vermiculite) and feldspar (plagioclase and minor K-feldspar) minerals in all samples investigated. Calcite, quartz, zeolites (mainly heulandite), pyrite and illite-smectite are present in some samples. The weak 002 chlorite peak at ∼7Å in core KH1 shows the occurrence of a Mg-rich C-S (vermiculite) mineral (Moore & Reynolds 1997) , whereas a first order peak at 29.5Å shows the additional occurrence of a well-ordered C-S (corrensite) at 174.7 m. In core KH3, vermiculite does not dominate based on the strong 002 chlorite peaks at ∼7Å. However, first-order peaks at 29.5Å show the occurrence of corrensite minerals, with an additional C-S phase at 49.3 m depth based on a slight peak shift. The presence of zeolites is irregular with depth, with the highest amount of heulandite at KH1-83.2. The mineral assemblage indicates a facies equivalent to the chlorite zone with no depth variation for both cores since chlorite seems to be present in all samples. The occurrence of C-S and zeolites indicates a retrograde alteration into the zeolite facies, which may have affected KH1 more than KH3 based on the amount of C-S and heulandite.
Petrography
The main rock forming minerals are silicates, as described by the XRD data. Plagioclase phenocrysts occur in prismatic shapes with a range of grain sizes varying from 100 to 300 μm (exceptionally up to 3 mm) and laths of 20-100 μm were observed in the matrix (Fig. 4a) . Pyroxenes identified in polarized light were altered to chlorite or other phyllosilicates. Vesicles and voids are filled with chlorite, quartz and calcite (Figs 4a and b) . Chlorite is the most characteristic secondary mineral in KH3 at all depths. The total abundance of ferrimagnetic minerals (titanomagnetite) was estimated from thin-section observations to be about 5-10 vol. per cent. Sulphides (mainly pyrite and chalcopyrite), rutile, sphene and ilmenohaematite were also identified. Our findings agree with previous work on opaque minerals in Krafla drill core No. 7 (Steinthórsson & Sveinbjörnsdóttir 1981) , although in our study no goethite occurs.
Titanomagnetite (tmt, in this paper used as a generic term for titanomagnetite, mt for magnetite, tmgh for titanomaghemite and mgh for maghemite) forms cruciform, skeletal and euhedral grains of <2 up to 150 μm in size. Sphene is very abundant and has Magnetic mineralogy in maghemitized basalts 161 been observed as alteration product of ilm ss and tmt (Figs 4c and d) . Ilmenohaematite (ilm ss ) occurs as exsolved lamellae within tmt (Figs 4f and g) and as skeletal, subhedral grains of <1 to 100 μm in size. Sulphides, mostly pyrite ( Fig. 4b ), but sometimes chalcopyrite, and sphalerite appear. In general, the sulphide grains are subhedral, up to 200 μm in size and in some samples a thin seam around sulphides of secondary minerals such as quartz occurs. In some samples the sulphides concentrate near the border of vesicles indicating the last precipitation from hydrothermal fluids.
The textures of the ferrimagnetic Fe-Ti oxides indicate both, quick cooling with small cruciform and skeletal shapes (Figs 4a, c and e) and slow cooling with large, euhedral Fe-Ti oxide grains (Figs 4b and d). Exsolution lamellae occur in both cores at different depths (Figs 4f and g ). They form during high-temperature oxyexsolution at about 600
• C (Haggerty 1991) after crystallization of the lava, typically under subaerial conditions or during slow cooling in dyke intrusions or massive lava flows. High-temperature oxidation produces a Ti-poor titanomagnetite. Some samples also show thick ilm ss lamellae related to a primary origin and not to high-temperature oxy-exsolution (Fig. 4g) .
Further oxidation and mineral reactions took place at lower temperatures (250-350
• C) as part of the fluid-rock interactions. Lowtemperature oxidation with diffusion of Fe 2 + out of the titanomagnetite/magnetite crystal lattice will produce a cation-deficient tmt/mt and tmgh/mgh as end product. With diffusion of iron, the lattice parameters become smaller and eventually, the oxidized grain will crack (Petersen & Vali 1987) . In the Krafla drill cores all samples show some degree of maghemitization with shrinkage cracks as typical feature independent if they already suffered a hightemperature oxy-exsolution (Figs 4d and i) or not (Figs 4h and j). The next section will explain the observed alteration features in relation to fluid-rock reactions.
Hydrothermal alteration of Fe-Ti oxides
In the Krafla drill cores, secondary minerals like iron-sulphides, sphene, chlorite and quartz are commonly associated with tmgh (Figs 4d and e and 5a and b). Dissolution of ferrimagnetic grain rims is ubiquitous, especially where they are in contact with chlorite (Fig. 5b) . The most altered samples show 'ghost textures': SEM investigations revealed for these textures Ti-oxide lenses as reaction products of the tmgh/ilm ss grains. The Ti-oxide lenses are oriented parallel to the former ilm ss lamellae (Fig. 5c ). Other strongly altered samples show sphene (enriched in Mn) and subidiomorphic sulphide grains as products of titanomagnetite dissolution. In Fig. 5(d) sphene mimics the former high-temperature oxidation ilm ss lamellae, while the tmt host is dissolved. Only the former grain shapes are preserved. This extreme alteration (ghost texture) is more abundant in KH1.
These mineral textures imply strong fluid-rock interactions, which allow the movement of elements. The end product of rutile in some of the 'ghost texture' samples shows that Ti can originate from the dissolution of Fe-Ti oxides, for example, from the ulvöspinel component, which is undersaturated in geothermal waters (Stefánsson 2001) or ilmenite.
Reactions 1 (ulvöspinel) and 2 (ilmenite) are examples of dissolution of Fe-Ti oxides at a low pH and in oxidized environment (Stefánsson 2001) . They indicate the mobility of Ti in the aqueous systems with rutile as a final product (reaction 3). Furthermore, these reactions imply a connection to the oxidation mechanism during maghemitization of tmt, which is defined by diffusion of Fe 2 + to the surface of the crystal, leaving the tmt spinel structure unchanged but part of the octahedral sites vacant. The intimate intergrowth of tmgh with sphene and cation-deficient mt (mgh; Fig. 4d ), can then easily be explained by the relation between oxidation and mineral reaction.
Not only rutile but also sphene forms ubiquitous as secondary mineral and replaces the ferromagnetic minerals in the Krafla drill cores (Figs 4 and 5) . It is especially abundant in samples where no ferrimagnetic minerals are seen. The dissolution reaction of Fe-Ti oxides, which produces sphene (CaTiSiO 5 ), can be represented as a reaction where the required calcium and silica are provided from the dissolution of pyroxene or plagioclase.
The Fe 2 + , which is released to the fluid from reaction 1 or 2 as well as from the dissolution of pyroxene can then be used to form chlorite, which is the most ubiquitous secondary mineral in the KH1 and KH3 drill cores.
Temperature, pH and redox potential play important roles in these reactions. The activity of Fe 2 + strongly decreases with increasing temperature since the redox potential decreases with increasing temperature (Gudmundsson & Arnórsson 2002; Stefánsson & Arnórsson 2002 and reference therein). Sulphides (mainly pyrite) occur as newly formed grains next to relicts of the magnetic Fe-Ti oxides and are very abundant in 'ghost texture' samples ( Fig. 5d ). Pyrite can be formed according to the reaction described byÁrmannsson et al. (1989) .
The production of Fe-sulphides increase the quantity of protons H + in the fluid, thus the pH will decrease, which can lead to further alteration of mt as described in White et al. (1994) :
This reaction sequence explains why in samples with high sulphide content the magnetic Fe oxide is dissolved ('ghost texture') and they also explain our microscopic observations according which the titanomaghemite transforms into sphene and/or rutile. Additionally to sphene and rutile, chlorite and clay minerals as well as Fesulphides belong to the alteration assemblage. We can summarize our microscopic observations with tmt/mt + silicates + fluid = sphene + chlorite + py + rutile, (8) which indicate that tmt/mt suffered extensive fluid-rock alteration until the grains become totally dissolved. All samples in Krafla show some degree of maghemitization (low-temperature oxidation) hence, the ferrimagnetic grains in Krafla samples are cation-vacancy titanomagnetite: titanomaghemite or maghemite (tmgh/mgh). 
TEM investigations
To better understand the titanomagnetite to maghemite transformation, TEM was done. An unusual nanoporous microstructure in titanomaghemite of the two investigated samples KH3-292.35 (fine grained, Figs 4a, c and e) and KH3-380.4 (coarse grained, Figs 4b and d) was observed. Such a structure is a strong indication for areas with vacancies, which break off due to ion bombardment during TEM analyses (see inlay in Fig. 6a ). This texture is distinctly different compared to fresh tmt from surface basalt samples of Reykjanes (Fig. 6b) . The fresh tmt grains show a homogeneous appearance of dendritic crystals, a face-centred cubic lattice and some Ti in the structure [from T C , a tmt composition of X Usp = 0.55 is calculated according to the equation given in Lattard et al. (2006) for synthetic tmt], as it is typical for fresh, primary tmt (e.g. Zhou et al. 1999) . In the altered Krafla drill core sample (Fig. 6a) , the selected area electron diffraction (SAED) pattern indicates face-centred cubic lattices, sometimes with ordered superstructure reflections and in few cases a tetragonal superlattice. This observation is in accordance to earlier descriptions (Xu et al. 1997 and references therein), where three symmetries have been proposed for maghemite, one corresponding to a face-centred cubic structure, one to a tetragonal superlattice and one to a primitive cubic superlattice. EDX analyses show that both Fe and O are present but no Ti. Small peaks between 5 and 6 KeV in Fig. 6(a) indicate some Cr. In this TEM study we only observed maghemite grains without Ti.
T H E R M O M A G N E T I C R E S U LT S
6.1 Temperature-dependent magnetic susceptibility between -194 and 700
• C Curie temperature defines the transition temperature from magnetic ordering (such as ferro-or ferrimagnetism) to paramagnetism whereby the directions of the magnetic moments are randomly oriented in the latter stage. The Curie temperatures (T C ) determined from κ-T curves are very sensitive to Fe-Ti oxide composition (e.g. Lattard et al. 2006 and references therein). Additionally to T C determination, κ-T curves are very sensitive to mineral reactions, which occur during the heating if magnetic phases become unstable. The stability of the original magnetic phases can be monitored by the degree of reversibility of the heating and cooling runs in air and in argon atmosphere (e.g. Deng et al. 2001; Vahle et al. 2007) . κ-T curves from surface samples of Krafla are reversible (comparable with κ-T curves from synthetic tmt shown in Lattard et al. 2006) , which indicates very little (if any) metastable magnetic Fe-Ti oxides. In contrast, all samples but one from the Krafla drill cores show non-reversible κ-T curves, interpreted to indicate different degrees of maghemitization, which is in agreement with the ubiquitous occurrence of shrinkage cracks seen microscopically and the unusual nanoporous microstructure seen in Fig. 6(a) in the TEM. From the κ-T curves we distinguished three main types: II, I-II and III (Fig. 7) . The roman numbers indicate that these types show irreversible κ-T curves and they are interpreted as low-temperature oxidized varieties of the types named by Arabic numbers in Kontny et al. (2003, see fig. 4 therein), which refer to stable magnetic phases during κ-T measurements. In general, type 1/I means, that T C s are below 400
• C (indicating intermediate Ti composition in titanomagnetite/titanomaghemite), and after observing the samples under the optical microscope, it is seen that the grains are more or less homogeneous. Type 2/II show T C s in the range from about 480 to 585
• C indicating near end-member magnetite compositions of titanomagnetite/titanomaghemite with or without a Verwey transition (T V ) near -152
• C (transition from cubic to monoclinic symmetry in magnetite during cooling). This type mostly occurs in samples with high-temperature oxy-exsolutions.
Type II in the Krafla samples occurs in all lithologies except for the tuff layers of KH1 and only in basalts from KH3 (Figs 2, 7a and b and 8a). While in KH1 only a few samples show a decay in susceptibility near the T V during κ-T measurement between -194 and 15
• C (Fig. 7a) , the KH3 samples show a distinct T V between -144 and -163
• C (Fig. 7b ). T C s in the heating run range between 534 and 582
• C in KH1, and between 568 and 587 • C in KH3. Mostly two decays in susceptibility were observed for these samples suggesting the presence of two phases: Ti-poor mgh (not reversible part) and minor mt (second decay in the heating run and presence of T V ), whereas in the 1/κ curve (Petrovsky & Kapicka 2006) two inflection points are found (Table A2 ). The susceptibility in the cooling run is always lower than in the heating run and it shows two different phases (Figs 7a and b and 8a) .
Second runs at low temperature either show the T V at even lower temperatures (< -152
• C) or do not show the T V at all. However, a second heating-cooling run of samples (Figs 7b and 8a in grey) is reversible with the first cooling curve. This behaviour strongly suggests that during the first heating in argon atmosphere, a stable tmt composition has been created indicating that a reaction took place during the argon atmosphere experiments, producing a close-to-stoichiometry titanomagnetite. This κ-T behaviour is independent of texture type (Figs 4d and h ). Table A2 ). Note that type II in KH3 shows a second heating and cooling run with grey arrows. Type II curves have reversible runs after the first heating-cooling run. See text for further explanations.
Type I-II is only present in KH3 (Fig. 7d) . These curves show a T V between -144 and -161
• C and a reversible high-temperature phase (T C between 561 and 633
• C), which indicates that magnetite/maghemite close to stoichiometry is present (as in type II). The second low temperature run usually shows no T V or the T V shifts to lower temperatures (see Table A2 ) indicating that this magnetite/maghemite is cation-deficient or impure. The increase in susceptibility with several humps, for example, at 148, 329 and 477
• C in the first heating run (Fig. 7d) suggests that mt/tmgh occurs together with unstable intermediate phases with different Ti concentration. Although these phases are ferromagnetic during heating, they seem to vanish after heating to 700
• C. In the cooling curve, the pure magnetite is recovered but the intermediate Ti-bearing ferromagnetic phases are nearly destroyed and only a faint hump at 268
• C survived.
Type III curves show no T V and a decrease of susceptibility, which is typical for paramagnetic behaviour (Figs 7c and f) . The cooling curve displays a strong irreversible behaviour with much higher susceptibility compared to the heating run and therefore is distinctly different to the other types. A strong increase in susceptibility occurs below 300
• C in the cooling run of three samples in KH1 indicating the new formation of a ferromagnetic phase (Fig. 7c) . We suggest that this new ferromagnetic phase is pyrrhotite, which has formed during the heating in an argon atmosphere from pyrite, which is abundant in this type of samples. Similar observations are described, for example, in Just (2005) . Repeated heating (not shown) confirms a T C at 310
• C, which is typical of pyrrhotite. In sample KH3-322.45 there is formation of magnetite and Ti-maghemite instead of pyrrhotite (Fig. 7f ). All these samples contain secondary sulphides, but in different amounts as seen by optical and electron B. Oliva-Urcia et al. Table 2 ). Lines with z (oxidation degree) and Curie temperatures for maghemites are from Readman & O'Reilly (1972) using the software Plot1.1.1 by John (2004) . See text for further explanations. microscopy. Our observations suggest that type III shows the highest degree of hydrothermal alteration causing the strongest decay of NRM and magnetic susceptibility.
Only one sample shows a type 2 behaviour (KH1-177.6; Fig. 7e ) with a good reversibility between heating and cooling run and a sharp decay at 568
• C, indicating a near magnetite composition in κ-T curves. Only a faint hump at around 300
• C in the heating run seems to be not reversible. The Verwey transition occurs at -157
• C and a second low-temperature measurement confirms this T V , indicating stable behaviour during heating. Such κ-T curves are typical for high-temperature oxidation of titanomagnetite (e.g. Kontny et al. 2003) .
Transformation of metastable titanomaghemite into stable titanomagnetite during κ-T measurement
During repeated κ-T measurements in argon atmosphere we observed the formation of stable magnetic phases from unstable ones. Therefore we have done electron microprobe analyses of the ferrimagnetic Fe-Ti oxide before and after heating (Table 2 ). For this experiment we chose a sample with type II behaviour and a relatively low transition temperature of 495
• C (and a T C of 543 • C), indicating the presence of two phases, one phase with significant amount of Ti in the titanomaghemite and another magnetic phase with lower Ti content before heating. A compositional gradient between core and rim of the studied grains was not found. The analysed tmgh grains are about 20 μm in size and dissected by shrinkage cracks, which widen after heating. The electron microprobe analyses (about four analyses per grain) clearly confirm a change in composition from the unheated to the heated sample (Table 2, Fig. 8b ) with increasing concentrations of TiO 2 , FeO and to a minor extent MnO and MgO. Assuming stoichiometry, calculated Fe 2 O 3 significantly decreases after heating. Because we cannot determine the vacancy concentration from electron microprobe analyses, we calculated formulae assuming stoichiometric composition (three cations, four oxygens) and plotted the data along the stoichiometric tmt series line (grey dot and black square in Fig. 8b ). The ulvöspinel component (X usp ), calculated from the microprobe data following Stormer (1983) , is 0.515 for the unheated and 0.657 for the heated sample (Table 2) . Calculating the T C from this composition and using the regression curves for tmt-ilm ss synthesized at 1100
• C given in Lattard et al. (2006) , we obtain an average T C of 236
• C for the unheated and 109
• C for the heated sample. While both, calculated and measured T C is in relative good agreement for the heated sample, the T C calculated for the unheated sample is significantly different. Considering the measured T C from the κ-T curve (495 Table A2 ) instead of the calculated T C (236
• C), the unheated sample shows a high oxidation state of almost z = 1 (black dot in Fig. 8b ). This observation strongly suggests that during measurement in argon atmosphere, an annealing process occurs, which retransforms the tmgh back into a stoichiometric tmt (or at least into a phase with much less vacancies) because successive heating-cooling κ-T curves are almost perfectly reversible (Fig. 8a ).
Thermal demagnetization of NRM
Thermal demagnetization curves of NRM measured under ambient air conditions all look similar, independent of type deduced from κ-T curves. An example for type 2 and type II of the KH1 drill core is presented in Fig. 9 . Type 2 sample reveals an almost constant course of magnetization until about 300
• C. During further heating a continuous decrease occurs until about 500
• C followed by a sudden drop resulting in a blocking temperature below 600
• C. Type II sample shows a continuous decrease until a kink at about 500
• C, which is followed by a blocking temperature at about 550
• C. After each demagnetization step, we measured susceptibility to check if chemical alteration occurred during heating. Susceptibility decrease of type 2 sample is less pronounced than in type II sample, which agrees well with the κ-T curves. The unblocking temperature ranges are extremely broad and many samples have lost 50 per cent of their NRM already at about 300
• C. The fact that some of the observed unblocking temperatures are higher than T C from κ-T curves might indicate some inversion into a magnetite-near composition during heating. The palaeomagnetic analyses indicate the presence of a stable magnetic component. The inclination-only test provides a mean inclination closer to the expected one (77 • ) in both cores (in prep.).
D I S C U S S I O N
Comparison between 'young' Krafla and 'old' Stardalur hydrothermally altered basalts
The drill core data of the Krafla geothermal field suggest that the maghemitization of titanomagnetite in this environment not only involves low-temperature oxidation but also mineral reactions, which 
Notes:
(1) X Usp calculated from formula in (a) according to Stormer (1983) .
(2) T c calculated from X Usp in (1) using formula given in Lattard et al. (2006) . (3) T c s retrieved from κ-T curves.
(4) X Usp calculated with T c from (3) using formula given in Lattard et al. (2006) . All temperatures are in o C. SD, standard deviation.
cause a significant change of NRM and magnetic susceptibility values. Compared to hydrothermally altered basalts of the distinctly older Stardalur volcano in Iceland (ca. 1.8 Ma), which is distinguished by extremely high NRM (18-121 A m -1 ) and susceptibility values (47-118 × 10 −3 SI), the Krafla samples show similar maximum susceptibility (0.2-140 × 10 −3 SI) but NRM values rarely higher than 5 A m -1 . The altered basalts from the Krafla drill cores show low NRM, not only compared to the anomalous high NRM values of the Stardalur volcano but also compared to surface basalts of Iceland younger than about 11.5 ka (Fig. 2) .
Both, the Stardalur and Krafla basalts have a similar tholeiitic melt composition (Fridleifsson & Kristjansson 1972; Nicholson & Latin 1992) . In both areas the basalts are hydrothermally metamorphosed in the chlorite zone and show similar Fe-Ti oxide minerals and textures [compare fig. 4 in Vahle et al. (2007) with Fig. 4 of this study). A significant difference in magnetomineralogy of both localities is the occurrence of symplectic magnetite after olivine, secondary magnetite and magnetite as alteration product of iron sulphides in Stardalur basalts (Vahle et al. 2007 ), which has not been observed in Krafla basalts. Furthermore, the Stardalur basalts show T V s suggesting a maximum vacancy concentration of 0.003 (Aragón et al. 1985) , which is significantly lower than in the Krafla samples with a high oxidation state (about z = 1). The cation-deficient and Ti-free magnetite observed in κ-T curves of the Stardalur basalts (reversible when measured in argon atmosphere but irreversible in air) is interpreted to be the carrier of the strong remanent magnetization (Vahle et al. 2007) .
From our observations of the Krafla samples the lower susceptibility in the cooling run of κ-T curves and its stability during repeated heating indicate an inversion of the titanomaghemite during heating into a stable titanomagnetite with higher X Usp component and lower susceptibility. We suggest that either titanium from the neighbouring sphene diffuses back to the titanium-poor tmgh or the tmgh loses Fe 3 + (microprobe data suggest that Ti/Fe ratio increases after heating). This inversion is different to what we observed for cation-deficient mt from Stardalur [annealing towards stoichiometric mt during heating in argon atmosphere; Vahle et al. (2007) ]. The Krafla samples indicate additionally to an annealing of vacancies with heating, a diffusion of titanium, probably from the intimate intergrowth with sphene, back into the spinel lattice to produce a stable tmt composition after the heating experiment in an argon atmosphere (Figs 7b and 8a) . No T V occurs after the heating experiment confirming that composition of a mt-near phase has been significantly modified. Our observations indicate a strong mobility of Ti. This difference in behaviour between the Krafla and the Stardalur samples, both hydrothermally overprinted, can be explained by the fact that in Krafla a geothermal system is still active producing significantly metastable tmgh, while in the 1.8-Myr old Stardalur samples the geothermal system is extinct. Therefore the Stardalur samples probably had time to recover and form more stable, near-stoichiometric mt with only a small degree of cation deficiency.
High magnetic susceptibility and its low field dependence
High magnetic susceptibility is always related to a large quantity of magnetic minerals and it strongly depends on the Ti/(Ti +Fe) ratio and oxygen fugacity of the melt (e.g. Gee & Kent 1997; Brachfeld & Hammer 2006; Vahle et al. 2007; ) . The Icelandic basalts are Fe-richer and more oxidized in their magma composition than Midocean-ridge-basalts (MORB; e.g. Meyer et al. 1985) . Therefore the ferrimagnetic mineral content at Krafla is significantly higher than in marine environments, where basalts tend to have less than 5 vol. per cent of tmt, and correspondingly, lower susceptibility values (Shau et al. 2004) . The ferrimagnetic mineral content at Krafla is comparable to the one from Stardalur (Vahle et al. 2007) , and from surface samples at Reykjanes. The large variation of susceptibility values from 0.2 up to 140 × 10 −3 SI in the Krafla drill cores with respect to the surface samples at Krafla and Reykjanes (less than 51 × 10 −3 SI, unpublished own results and Dietze et al. 2011) , gave rise to the hypothesis that maghemitization causes such high values; and low values are related to hydrothermal mineral reactions that destroy the magnetic minerals.
When the oxidation degree in synthetic titanomaghemite is higher than 0.5-0.6, maghemitization is reported to increase susceptibility values due to a decrease in magnetostriction (Özdemir & 168 B. Oliva-Urcia et al. O'Reilly 1982). According to Peters & Dekkers (2003) magnetic susceptibility of mgh (632 × 10 −6 m 3 kg −1 ) is larger than for tmt (422 × 10 −6 m 3 kg −1 ) but lower than for mt (674 × 10 −6 m 3 kg −1 ). These data suggest that there could be, at maximum, a factor of about 1.5 for a susceptibility enhancement if tmt is transformed to mgh. These considerations lead us to suppose that there must be another explanation for the enhanced susceptibility, which remains unclear. However, the key may lie in the microstructure observed by TEM (compare e.g. Xu et al. 1997; Zhou et al. 2001 ). In the inlay of Fig. 6 (a) maghemite shows a nanoporous microstructure, which has been observed in all investigated grains from the Krafla drill cores (two samples, about 10 different places) but not in other samples (see Fig. 6b ). Similar nanoporous maghemites are however described for Chinese palaeosols. It is proposed that microbes in soil environment produce locally reducing environment causing an in situ precipitation of nanocrystals, although nanoporous maghemites are also observed as oxidation product of magnetites (Chen et al. 2005) . These authors suggest such kind of maghemite bio-product as the source of superparamagnetic particles and as the main mechanism of magnetic susceptibility enhancement. Although we did not find any other evidence for superparamagnetic behaviour (e.g. frequency dependence of magnetic susceptibility at room temperature), the nanoporous textures in our samples resemble those of the described new precipitated nanocrystals in soils.
It is interesting to note the low field dependency of magnetic susceptibility of the Krafla samples. Usually, tmt with intermediate Ti concentration show field dependence (see Table A1 for definition of f Hd ) up to about 35 per cent (e.g. de Wall 2000; Vahle & Kontny 2005) . The maghemitized basalts of the Krafla drill cores show a very low f Hd (less than 3 per cent) even for samples with significant Ti concentrations like KH1-85.25 (Tables 2  and A1 ). Therefore, low-temperature oxidation seems to affect the field dependence of susceptibility significantly. A possible explanation might be a decrease of the magnetocrystalline anisotropy as the highly anisotropic Fe 2 + diffuses out of the lattice (O'Reilly 1983). It is known that field dependence of magnetic susceptibility is higher in larger grains due to the rearrangement of domain walls and microstructures (e.g. Hrouda et al. 2006) . The decrease of the magnetocrystalline anisotropy combined with the influence of grain size reduction due to the observed different processes, might explain the low field dependence of magnetic susceptibility in the maghemitized Krafla samples.
Low NRM
The fresh and young surface basalts (<11.5 ka) from Reykjanes and Krafla area have NRM values in average of about 20 A m -1 while the hydrothermally altered basalts from the Krafla drill cores (<500 ka) mostly show NRM values in average below 3 A m -1 .
With distance to the mid-ocean ridge axis, a strong decrease of NRM and magnetic field amplitude to about 20 per cent of the original values have been documented (e.g. Bleil & Petersen 1983) , and most NRM values reported for MORB older than 15 Ma are below 3 A m -1 (Bleil & Petersen 1983; Wang et al. 2005) . This value is similar to the mean value of 4 A m -1 reported by Kristjansson & Jonsson (2007) for Tertiary lava (1-15 Ma) sampled in Iceland. However, these authors also report values between 0.1 and about 20 A m -1 due to the inhomogeneous magnetization of the lava. For the East Pacific Rise axis, estimated a rapid magnetization decrease of young MORB from 55 to 10 A m -1 within a decay time of about 20 ka. These decay rates of NRM are similar to the one we observe for the Icelandic basalts.
Acidic and corrosive hydrothermal fluids in up-flow zones within the oceanic crust are known to alter or replace the iron-rich magnetic minerals and reduce the NRM, in some cases to zero (e.g. Ade-Hall et al. 1971) . Reduced crustal magnetization beneath active and extinct hydrothermal vent fields is, for example, described for the TAG (Trans-Atlantic Geotraverse) hydrothermal field on the Mid-Atlantic Ridge (Tivey et al. 1993 ) and the Juan de Fuca Ridge hydrothermal vent field (Tivey & Johnson 2002) , and causes local magnetic anomaly lows within the oceanic crust. Geophysical surveys in continents also reveal hydrothermal alteration processes to be a major controlling factor for magnetite destruction accompanied by a decrease of magnetic intensity (Airo 2002) . All these observations are similar to those in Iceland, where local magnetic anomaly lows are related to active high-temperature geothermal areas like on Reykjanes and within the Krafla caldera. Apart from primary differences in lava flows (quantity, type of ferromagnetic minerals), there is certainly a decay of NRM related to geothermal alteration in the Krafla area.
A cycling of iron from titanomagnetite to iron sulphide by anaerobe sulphate reducing bacteria has been described by Carlut et al. (2007) as a possible mechanism for a significant remanence loss of oceanic basalts. The discrimination of biologically produced minerals from inorganic precipitations is however difficult. In the Krafla samples there are textures and variation of temperatures registered in the boreholes that may suggest the existence of bio-forming minerals. One texture is the nanoporous maghemite mentioned earlier, and the other texture is the presence of pyrite within the netlike structure of the tmgh and not only around the former tmgh grain (Fig. 5d) . This texture forms part of the type III κ-T curves that in turn represent the altered end-member with the dissolution of tmgh and the precipitation of pyrite as secondary mineral. This alteration produces samples with very low susceptibility and NRM values (Fig. 3 and Tables 1 and A1 ). In addition, the borehole temperature of KH1 in the year 1991 changed from about 85-120
• C at around 80 m to about 150
• C at 175 m depth. Borehole temperature of KH3, measured in 2002, show about 30
• C at about 320 m (Jónsson et al. 2003) . Therefore, strong variations in temperature with time seem to occur in the geothermal field, which facilitates the contribution of bacteria to bio-formed minerals. Mid-ocean ridge axes are favourable environments for life and important amounts of cells are reported in water close to hydrothermal vents (e.g. Carlut et al. 2007 ).
Mobility of cations
The mineral reactions given in Section 5.3 imply diffusion under wet conditions not only of Fe 2 + but also of Ti 4 + , probably at different rates, out of the tmt lattice, producing tmgh with different Ti content. A diffusion of Ti out of the spinel structure can be explained by the mobility of Ti from tmt with high to intermediate X Usp as Ti(OH) 4 species at low pH conditions (Stefánsson 2001) . Dissolution experiments from Stefánsson et al. (2001) suggest dissolution of ilmenite above 200
• C and of ulvöspinel up to 300
• C, while pure magnetite is stable at all temperatures. The strong irreversibility of most of the κ-T curves and thermal demagnetization implies that pure magnetite is only a minor phase in our samples and that the NRM is mainly carried by tmgh.
200-300
• C is exactly the temperature interval at which the observed hydrothermal minerals chlorite, chlorite-smectite and pyrite are reported to be stable in the Krafla geothermal system (e.g. Gudmundsson & Arnórsson 2005) . The intimate intergrowth of tmgh with sphene and cation-deficient mt (mgh), as it is shown in Fig. 4(d) , can be easily explained by the interrelation between oxidation and mineral reaction. The diffusion of Fe 2 + to the surface of the crystal is well demonstrated in Fig. 5(b) , where tmgh with sutured grain boundaries is surrounded by chlorite, suggesting that Fe 2 + , released from the oxide has reacted to form chlorite. These mineral reactions cause an increase of porosity (Fig. 6a) promoting a better fluid-rock interaction.
The age of geothermal systems and the internal structure of rocks, which controls the surfaces between the fluid and the rock are significant factors controlling the intensity of hydrothermal alteration . Maghemite, especially Ti-rich one, is metastable and will react even more easily with hydrothermal fluids, especially in an acidic environment with enhanced porosity (see eq. 7, and Worm & Banerjee 1984) . After the latest Krafla eruptions in 1984, an increase in H 2 S and H 2 has been reported by Arnórsson (1995) , which acidified the hydrothermal fluids. In addition, the precipitation of pyrite (see eq. 6 and Fig. 5d ) is an indication of further acidification of the environment. While ilmenite has already been transformed to sphene or rutile, which is stable under these conditions, tmgh will be dissolved (see Figs 5c and d) resulting in a major loss of magnetic susceptibility and a further decay of remanent magnetization due to the decreasing quantity of magnetic minerals.
C O N C L U S I O N S
Multiple processes related to the geodynamic setting, the emplacement, cooling history (oxygen fugacity), and also the hydrothermal alterations are able to affect the texture and composition of originally homogeneous titanomagnetite (see e.g. fig. 11 in Vahle et al. 2007) . Basalts from the active geothermal field at Krafla, NE-Iceland are altered in the chlorite zone due to fluid-rock interactions causing maghemitization (low-temperature oxidation) and other mineral reactions. Concerning the magnetic minerals, a twostage transformation mechanism is suggested.
(1) Dissolution of Ti at low pH under oxidizing conditions from titanomagnetite (ulvöspinel component) and ilmenite to form rutile or sphene and Fe 2 + migration out of the spinel lattice forming titanomaghemite.
(2) Formation of pyrite and dissolution of remaining titanomaghemite under reducing and acidic conditions. These two processes are responsible for the significant decrease of NRM intensity (all from 106 investigated samples except in six that have NRM > 5 A m -1 ). However, the observed high susceptibility values (up to 4.9 × 10 −5 m 3 kg -1 ), compared to the fresh surface samples cannot be explained satisfactory. In Stardalur, similar high magnetic susceptibility is related to neocrystallization of magnetite from fluids (Vahle et al. 2007) . However, no indication of such mechanism is seen in Krafla (and NRM values are much lower than in Stardalur samples). A suggested mechanism for the enhancement of the magnetic susceptibility values is related to the observed nanoporous microstructure of the titanomaghemite. This microstructure may induce a superparamagnetic-like behaviour (high susceptibility and low remanence) and it would also explain the low remanence values. In addition to the previously suggested mineral and fluid-rock interactions it also explains local magnetic anomaly lows within the oceanic crust and volcanic islands like Iceland or Hawaii related to hydrothermal alteration. A possible relationship between nanoporous microstructures and microbial activities is a speculation, which needs further investigations.
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